Barkhausen noise in soft amorphous magnetic materials under applied stress 
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We report experimental measurements of Barkhausen noise on Fe64Co2iBi5 amorphous alloy 
under tensile stress. We interpret the scaling behavior of the noise distributions in terms of the 
depinning transition of the domain walls. We show that stress induced anisotropy enhance the 
effect of short-range elastic interactions that dominate over long-range dipolar interactions. The 
universality class is thus different from the one usually observed in Barkhausen noise measurements 
and is characterized by the exponents r ~ 1.3 and a ~ 1.5, for the decay of the distributions of 
jump sizes and durations. 

PACS numbers: 75.60.Ej, 75.60.Ch, 64.60.Lx, 68.35.Ct 



I. INTRODUCTION 



The Barkhausen effect has received a renewed theoretical interest in the last few years, be&ause of its connections 
with interface depinning and non-equilibrium critical phenomena. We have recently proposedua a microscopic model 
of the Barkhausen effect based on the dynamics a flexible domain wall on a random environment. The model gives 
a satisfactory explanation of many of the experimental results reported in literature. In particular, we are able to 
justify the occurrence of the power law distributions of Barkhausen jumps and compute the critical exponents. In the 
limit of a vanishing field driving rate, the size distribution scales as P{s) ~ s~ r f(s/ sq), where r = 3/2, and the cutoff 
scales with the demagnetizing factor as so ~ 1/k. Similarly, the duration distribution scales as P(T) ~ T~ a g(T/To), 
where a = 2, and the cutoff scales as To ~ 1/y/k. These results are the strict consequence of the presence of long- 
range dipolar interactions and are in perfect agreement with experiments on amorphous alloys and polycrystalline 
samplesBcl. _ 

In a previously introduced modeD, based on a description of the domain wall similar to ours, dipolar interactions 
were ignored, giving rise to different critical exponents r ~ 1.3_and a ~ 1.5. Comparable experimental values have 
only been reported for Perminvar (30% Fe, 45% Ni, 25% Co)B, where r ~ 1.33. In this paper, we show that the 
critical exponents in Fe64Co2iBis amorphous alloy under tensile stress display the values r ~ 1.28, and a ~ 1.5, 
indicating that the experiment is described by short-range interface models. We explain these results noting that 
for magnetostrictive materials, such as Fe64Co2iBi5, magneto-elastic interactions enhance the effect of the surface 
tension over the long-range dipolar forces. 



II. THEORY 



Before describing in detail the experimental results, we summarize the main theoretical results recently discussed 
in Refs. Q,^. We consider a single 180° domain wall, described by its position h(r), dividing two regions of opposite 
magnetization directed along the x axis. The total energy for a given configuration is the sum of different contributions 
due tOpUiagnetostatic, ferromagnetic and magneto-crystalline interactions, and gives rise to the following equation of 
motioiuEl 

&t ~ = H ~ kh + v ° y2fe(f ' + / dV ^( f - f 0(Mr')-Mr)) + 7?(r,fr), (1) 

where H is the applied field, k is the demagnetizing factor and h = J d 2 r'h(f' , t)/V, vq is the surface tension of the 
wall, K is the kernel due to dipolar interactions given by 

{ >~ 2n\r-r<\3 ( + |f-f'| 2 ) ' { ) 

and rj(r, h) is a Gaussian uncorrelated random field taking into account all the possible effects of dislocations, residual 
stress and non- magnetic inclusions. 



1 



When k = 0, Eq. ([l]) displays a depinning transition as a iuaiction of the field and the corresponding critical 
exponents can be obtained with renormalization group methodso'B. For k > 0, which corresponds to the experiments 
we are describing here, the domain wall displays a steady motion around the depinning transitions. For low driving 
rates, the velocity of the wall shows avalanches whose distributions are characterized by the scaling laws expected 
close to the depinning transition. _ 

The upper critical dimension of Eq. (Q) is d c = 3 so that the dynamics .can be described by a mean-field equationtl. 
This is the reason of the success of a mean-field phenomenological modela to explain most of the experimental data. 
In fact, the critical exponents take mean-field values r = 3/2, and a = 2, with a small correction at non-zero driving 
rates, r = 3/2 — c/2, and a = 2 — c, where c is a dimensionless_p>arameter proportional to the driving rate dH/dt, in 
agreement with experimental data on many different materialsBu. 

These results change when the long-range kernel (Eq. (Q)) is absent and the surface tension is the most relevant 
term in the equation. The upper critical dimension changes ta_cL_= 5, with critical exponents significantly lpwpr., 
t = 1.25, and a — 1.43 from renormalization group calculationsomLj, and r ~ 1.3, and a ~ 1.5 from simulationsMLil. 



III. EXPERIMENTAL RESULTS AND SIMULATIONS 

Ribbons of an high magnetostrictive (A s = 46.5 • 10~ 6 ) Fe64Co2iBi5 amorphous alloy are prepared by planar flow 
casting in air. We employ a single strip of 30 cm length under tensile stress from to 140 MPa. The applied 
stress induces uniaxial anisotropics, radically changing the domain steucture. This kind of high magnetostrictive alloy 
shows a typical behavior of the coercive field H c (see for instancdla) : a fast decrease of H c up to a typical stress 
value (To ~ 10-MPa, and a roughly linear increase at high stresses. This behavior is due to changes in the domain 
structure: the quenched-in stresses dominate at low tensile stress, resulting in a complicated pattern of maze domains. 
As the external stress increases, and the uniaxial|-ajiisotropy is induced, a simpler domain structure appears, with a 
few parallel domains in the direction of the stressta. 

The Barkhausen noise measurements are performed as explained in Ref. |!]. The visual inspection of Barkhausen 
signal reveals the changes induced by the stress in the domain wall dynamics (Fig. [l]). The amplitude of the signal 
increases with the stress, resulting in very short and peaked jumps at high stresses. A better characterization of the 
B^jJ^hausen jump shape is obtained considering the distributions of the amplitude v, the size s, and the durations 

As in previous experimentjl'@0, the amplitude distribution is found to decay as 

P(v) ~ v- (1 - c) exp{-v/v ), (3) 

where c is the normalized driving rate. We show in Fig. |^ that the cutoff vq increases with the stress, scaling as 
vo ~ er 5 . Size and duration distributions are collected at nearly same the value of c = 0.1 — 0.2, showing exponents 
t ~ 1.28 ± 0.02 (Fig. ||), and a ~ 1.5 ± 0.1, independent of the applied stress, provided that a > uq. At low applied 
stress (er < cto), where the domain structure is more complicated and the Barkhausen signal/background noise ratio 
is reduced, it is difficult to obtain reliable estimates of the exponents. 

For jj ~ (To , we also measured the variations of the critical exponents with the parameter c. Unlike mean- field 
theorytj, here the dependence from c is quite weak within the fitting error bar, in agreement with the result reported 
for the Perminvara. 

The cutoff of the distributions shows an intriguing behavior: the cutoff of the size distribution So is nearly in- 
dependent on the stress (Fig. ||), while the duration is progressively reduced with a stress dependence of the type 
To ~ er~ ' 5 . These results quantify the qualitative picture of the signal discussed above: the amplitude of the signal 
increases with the stress, while avalanche durations are shorter, so that the avalanche sizes roughly do not change 
with the stress. 

In order to understand the experimental results, we perform a serie of simulations of a discretized version of Eq. (|l|) 
without the long-range kernels. We employ different field driving rates and evaluate the parameter c using the 
amplitude distributions. We observe small variations in the critical exponents: r = 1.26 ± 0.04 — (0.16 ± 0.05)c and 
a = 1.40 ± 0.05 — (0.25 ± 0.05)c, in excellent agreement with experiments. 



IV. DISCUSSION 



The critical exponents of the experimental Barkhausen signal in a magaetostrictive sample under stress are in 
agreement with the results of our simulations and those previously reportedaEj, neglecting dipolar interaction in the 
equation of motion. This implies that simple domain structures with a few straight domains, spanning from end to 
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end, as those induced by tensile stress, are well described by the universality class of the equation with elastic surface 
tension. This observation provides an interesting experimental case where accurate results can be compared with 
statistical theories of interface depinning. 

In general terms, if we believe that Eq. ([!]) describes all the essential elements of the domain wall dynamics, we 
expect that the experimental results will belong to either of the two universality classes considered above. In general, 
it is not easy to predict the universality class from the knowledge of the domain structure of a sample, and its magnetic 
or thermal treatment. We can, however, estimate the relative weights of the dipolar and elastic energies and obtain 
a rough classification of the results that can be observed in different materials. 

Roughly speaking, the energy associated to the "elastic" tension of the wall is E e i ~ i/qS, where S is the area of 
domain wall, while the magnetostatic energy is of the order of E ms ~ fioM2-k*V, where k* is the demagnetizing factor 
associated with the region of volume V where magnetic charges appeared. As a first approximation, we can take 
V = SS W , where S w is the domain wall width. Since vq ~ y/AK, and S w ~ \JAjK, where A is the exchange constant 
and K the anisotropy constant, the ratio between the two terms is of the order of r = E e i/E ms ~ 1Q~ 6 K/k*, since 
\i M s ~ IT. The factor k* cannot be easily evaluated, because it depends strongly on the spatial distribution of the 
charges. It vanishes for a perfectly rigid wall and is of order 1 for a large bending of the wall. In general, considering 
only a small bending of the surface, we can estimate k* ~ 10 -2 , which correspond to length/width ratio of the order 
of 10 or more, giving r ~ 10~ 4 A". In soft amorphous alloys as the one we employ in our experiments, the avepage 
anisotropy constant (K) is of the order of 200 J/m 3 (Ref. 12), so that r« 1, and magnetostatic effects prevailaEJ. 
Under applied stress, the induced anisotropy (K a ~ 3/2A s cr), and the reduced value of k*, yield r > 1, so thatpjthe 
surface tension becomes dominant. A similar effect could also explain the experimental results on PerminvaiO, a 
material with a low permeability value (~ 250) consistent with a quite high value of K ~ 10 4 — 10 5 . 

In principle, it should be possible to observe the transition between the two universality classes changing the induced 
anisotropy in an amorphous alloy. Our results do not definitely prove it, since the exponents at low stress have quite 
large error bars. Experiments on other amorphous alloys are in progress to confirm this hypothesis. Finally, we are 
currently working to understand quantitatively the scaling of the cutoff of the distributions with the applied stress. 
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FIG. 1. Barkhausen signal v at different tensile stresses for the as-cast Fe64Co2iBi 5 amorphous alloy. 
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FIG. 2. Distribution of the Barkhausen signal amplitude v at different tensile stresses (a — 10-140 MPa). Data follows the 
distribution P(v) ~ v~ ( - 1 ~ c ^exp(— v/v ), where c is the normalized driving rate. (Inset) Dependence of the cutoff t> on the 
applied stress, showing vo ~ a 5 . 
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FIG. 3. Experimental size distributions of Barkhausen jumps at different tensile stresses (open dots), compared to the data 
(solid dots) simulated using Eq. (Q) without dipolar interactions. All data are fitted using P(s) ~ s~ T exp( — (s/so) 2 ), where 
t = 1.26 (experiments), and r = 1.28 (simulations), with s ~ 10 -8 Wb. Simulated data are rescaled for comparison. 



6 



